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A slow oscillatory movement (SOM) has previously been discovered superimposed on the three well
known components of ﬁxational eye movements. The purpose of the present study was to explore the
visual inﬂuence on the control mechanism of the SOM. Three tests with different ﬁxation targets and
backgrounds were prepared. The eye position during a ﬁxation task on healthy test subjects has been
recorded by the Chronos eye tracking device. The visual stimuli with no or less information triggered lar-
ger SOM amplitudes. None of the investigated conditions signiﬁcantly inﬂuenced on SOM frequency.
 2011 Elsevier Ltd. All rights reserved.1. Introduction Unfortunately none of these reports highlighted or described thisA slow regular oscillatory eye movement (i.e. SOM) was discov-
ered in a 20-min long visual ﬁxation task (Pansell et al., 2011). This
oscillation was found to superimpose over the three well known
components of the ﬁxational eye movement, tremor, microsac-
cades and drifts (Carpenter, 1988; Steinman, Cushman, & Martins,
1982; Yarbus, 1967). In brief, tremor is a non-periodic, wave-like
movement of the eyes with a high frequency (i.e. 30–100 Hz)
and a small amplitude (i.e. 0.01) (Ratliff & Riggs, 1950; Riggs
et al., 1953; Spauschus et al., 1999; Steinman et al., 1973). Micro-
saccades are rapid conjugate gaze shifting movements typically
occurring at a rate of one-to-two per second with an amplitude
normally less than 0.50 (Engbert & Kliegl, 2004; Zuber & Stark,
1965). Drifts are low-velocity (<0.50/s) movements with an
amplitude typically smaller than 0.1 and usually seen between
two successive microsaccades (Ditchburn & Drysdale, 1973;
Engbert & Kliegl, 2004). In addition to those movements a fourth
component (i.e. SOM) was found. Actually this kind of slow oscil-
lation during visual ﬁxation could be observed in some recordings
of the previous publications. For example, Fig. 8 of Allik, Rauk, and
Luuk (1981) showed an oscillation of horizontal eye position
during a long period of ﬁxation, also horizontal oscillations were
displayed in Skavenski and Steinman’s recordings during ﬁxation
in darkness with a period of 15–20 s (Skavenski & Steinman,
1970), and Fig. 2 of Winkler and Ciuffreda (2009) showed
oscillations in the both horizontal and vertical movements.ll rights reserved.
al Neuroscience, Division of
kholm, Sweden.slow component. In his article, Pansell interpreted that the SOM
movement oscillated the visual axis around the target of interest,
and its amplitude ranged between 0.05 and 0.50 and the fre-
quency ranged from 0.04 to 0.10 Hz between subjects. The mean
velocity was calculated based on the amplitude and frequency of
the SOM and found to be of less than 0.015/s. The characteristics
of this movement were not in accordance with any known eye
movement, implying a never before described eye movement.
The SOM was not conjugate between the eyes in the horizontal
direction but the vertical movements were conjugate, implying a
neural control mechanism of the SOM at a supranuclear level.
The aim of the present study was to evaluate the possibility to
modify the characteristics of the SOM during viewing different
visual stimuli. The outcome has relevance in understanding the
underlying control mechanism of the SOM and the purpose of
the slow oscillatory movement.
2. Material and methods
2.1. Subjects
Thirteen healthy individuals were enrolled in the study, 3M/10F
(mean age 39.8 years, age span 25–63 years). All individuals under-
went an ophthalmic and orthoptic examination. No one had a his-
tory of neurologic or ophthalmologic disorder. Taking medication
with a possible inﬂuence on the central nervous system was not al-
lowed. Informed consent was obtained from all individuals after
the nature and possible consequences of the study were explained.
This research adheres to the tenets of the Declaration of Helsinki
(World Medical Association; DoH/Oct2008).
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In the present study the video oculography instrument Chronos
Eye Tracking Device (C-ETD, Chronos Vision Inc., Germany) was
used to record the right and left eye positions by two miniature
cameras with CMOS image sensors. The unit with the cameras
could be ﬁxed to the head and excluded any unintended move-
ments of the unit. The head was stabilized with a chin rest and a
bite bar. The eye positions were extracted from the recorded videos
by the image software provided by the manufacturer of the system.
The pupil position was used to calculate the horizontal and vertical
eye positions. The temporal resolution of the video system was
200 Hz and the spatial resolution was <0.1.
2.3. Stimuli and paradigms
The visual stimulus was displayed on a LCD-screen (res.
1600  1200 px; contrast 900:1) at 50 cm eye-screen distance with
the centre of the screen at the same level as the eyes of the subject.
The screensubtendedavisual angleof 47 in thehorizontalmeridian
and 36 in the vertical meridian. The investigation room was dark
(0.2 cd/m2) except for the light from the visual screen. A binocular
eight-point horizontal and vertical calibration (amplitude 4 and
8 respectively) was conducted for each test subject prior to the
experiments. The calibration procedure lasted for 20 s and was di-
rectly followed by the stimulus presentation. Subjects were seated
and instructed to keep a steady ﬁxation on the centre of the stimulus
during the recording (300 s). The whole recording lasted for 320 s.
2.3.1. Experiment 1 – different backgrounds, same ﬁxation target
Seven subjects were enrolled in the ﬁrst experiment and the
viewing condition was binocular. To investigate the effect of the
background on the SOM two visual stimuli were prepared, (i) a
photo of a city scene (i.e. structured background), and (ii) a black
background (i.e. non-structured background). A red dot (visual an-
gle: 0.29) was superimposed on the centre of the stimulus and
used as a ﬁxation target.
2.3.2. Experiment 2 – same background, different ﬁxation target sizes
Six subjects were enrolled in the second experiment. Only the
dominant eyewas chosen for ﬁxating the targetwhile the non-dom-
inant eye was occluded by an eye patch. The dominant eye was
determined by Miles test: the subject extended both arms, brought
both hands together to create a small opening, then with the both
eyes open viewed a distant object through the opening. The subject
alternated closing the eyes to determinewhich eyewas viewing the
object (i.e. dominant eye). To investigate the effect of the different
target sizes, four stimuli were prepared with the same city scene
background. The centrally positioned red round discs subtended vi-
sual stimulus angles of (i) 0.29 (target 1), (ii) 3.72 (target 2), (iii)
7.44 (target 3) and (iv) 11.14 (target 4) respectively.
2.3.3. Experiment 3 – visual inﬂuence on the SOM
In the third experiment three subjects were enrolled. The effect
of visual feedback was investigated. The dominant eye was chosen
for ﬁxating the target while the non-dominant eye was occluded by
an eye patch (it was not necessary to occlude the non-dominant eye
in dark). The visual stimuluswas (i) an imagined dot in a completely
dark room (i.e. no visual feedback), and (ii) a red dot (visual angle:
0.29) on the photo of a city scene (i.e. visual feedback). The record-
ing with a visual target was used as control to the recording in dark.
2.4. Data analysis
The horizontal and vertical eye position data was imported into
the Origin 8.0 software (Origin Lab Inc.) for evaluation. Frequencyand amplitude of the eye oscillation movement were the two main
parameters to be extracted by Discrete Fourier Transformation
(DFT) and sine ﬁtting function from the eye position data. A bivari-
ate contour ellipse area (BCEA), including all ﬁxational eye move-
ments, was calculated to evaluate the ﬁxation stability of the eye
(Steinman, 1965) under the different experimental conditions. The
method to calculate the frequency and amplitude of the SOM has
been described elsewhere (Pansell et al., 2011). Stability in terms
of bivariate contour ellipse area (BCEA) was calculated, which de-
scribed the 95% conﬁdence interval of the distribution area over
which the eye was moving during visual ﬁxation. The analysis of
variance for the repeated measures was used to analyse the effect
of background. Multivariate analysis of variance (MANOVA) for re-
peated measures was used to investigate the effect of target size
on SOM. Paired sample t-test was used to analyse the effect of visual
feedback.
3. Results
The DFT and sine ﬁtting function analysis of the eye position
signals revealed a SOM component within all recordings from all
the subjects. Fig. 1 displays a recording from one test subject in
Experiment 1 with a sine function ﬁtted to the eye position plot,
revealing the SOM component.
3.1. Experiment 1 – effect of backgrounds
The SOM displayed larger amplitudes in response to the non-
structured background compared to the structured background.
The analysis of variance for the repeated measures revealed that
the type of background had a signiﬁcant effect on the amplitude
of the vertical SOM (F(1,6) = 10.333, p = 0.018) but no signiﬁcant
effect on the amplitude of the horizontal SOM (F(1,6) = 1.606,
p = 0.252). The same analysis did not reveal any signiﬁcant effect
of the background on the frequency of either the horizontal SOM
(F(1,6) = 2.089, p = 0.199) or the vertical SOM (F(1,6) = 0.002,
p = 0.968; see Fig. 1). The background had no signiﬁcant effect
on BCEA (F(1,6) = 2.204, p = 0.188). When comparing the horizon-
tal and vertical SOM amplitudes a signiﬁcant difference was
found (F(1,6) = 25.455, p = 0.002) with smaller amplitudes for the
horizontal SOM. See Table 1 for descriptive values of the SOM
and BCEA.
3.2. Experiment 2 – effect of target size
The results indicate that the SOM amplitudes become larger in
response to increasing target sizes (Fig. 2). The MANOVA for re-
peated measures revealed that the horizontal SOM amplitude
was signiﬁcantly smaller in response to the smallest target size
compared to the larger targets (F(1,5) = 8.546, p = 0.033). There were
no signiﬁcantly difference between the second smallest target and
the larger targets (F(1,5) = 0.059, p = 0.818) and between the two
largest targets (F(1,5) = 0.015, p = 0.906) in amplitude. Target size
had no signiﬁcant effect on the vertical SOM in amplitude
(F(3,3) = 0.620, p = 0.648). The MANOVA for repeated measures re-
vealed that target size had no signiﬁcant effect on either the hori-
zontal SOM frequency (F(3,3) = 0.732, p = 0.598) or the vertical SOM
frequency (F(3,3) = 0.650, p = 0.634; Fig. 2).
Targets size had no signiﬁcant effect on BCEA (F(3,3) = 1.089,
p = 0.473). See Table 2 for descriptive statistics of the SOM and of
the BCEA for each target size (Fig. 3).
3.3. Experiment 3 – effect of visual feedback on the SOM
SOM displayed signiﬁcantly larger amplitudes in dark
compared to when ﬁxating a visual target. The amplitudes for
Fig. 1. Two right eye position recordings from one test subject displaying the response to the structured background (top panes) and the non-structured background (bottom
panes). Pane (a and c) displays the horizontal meridian while pane (b and d) displays the vertical meridian. The solid black lines show the sine function ﬁtted to the SOM.
Table 1
Means and standard errors of the SOM and of BCEA with the structured and non-structured backgrounds.
Frequency (Hz) Amplitude (deg) Bivariate contour ellipse area (deg2)
Hor meridian Vert meridian Hor meridian Vert meridian
Structured background 0.061 ± 0.003 0.070 ± 0.005 0.039 ± 0.010 0.057 ± 0.008 0.442 ± 0.128
Non-structured background 0.069 ± 0.005 0.070 ± 0.007 0.056 ± 0.011 0.094 ± 0.011 0.669 ± 0.170
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17.66 times larger in dark compared to when ﬁxating a visual tar-
get. The frequency remained constant despite the absence of vi-
sual cues. Paired sample t-test revealed that visual feedback had
no signiﬁcant effect on the frequency of the SOM in the horizon-
tal meridian (t(2) = 0.164, p = 0.885; see Fig. 4a and c) or in the
vertical meridian (t(2) = 1.029, p = 0.412; see Fig. 4b and d). The
vertical SOM were conjugate for right and left eye of all three test
subjects while the horizontal SOMs were not (Fig. 5). A trace of
the right eye pupil diameter change was plotted together with
the horizontal right eye position both in dark (Fig. 4c) and with
visual stimulus (Fig. 4f) to show the independence of pupil size
trace on the SOM.
BCEA in dark displayed much larger areas compared to the area
when ﬁxating a visual target. Table 3 shows the descriptive statis-
tics of the SOM and of the BCEA for each test condition.4. Discussion
The aim of the present study was to evaluate the effect of differ-
ent visual stimulus and also of the absence of visual stimulus (i.e.
in dark) on this newly found ﬁxational eye movement (i.e. SOM).
The results from Experiments 1 and 2 indicate that the visual stim-
ulus used had no obvious effect on the SOM frequency. The results
from Experiment 3 further indicate that even in absence of visual
feedback the SOM frequency did not change. The SOM showed
the same period during all test conditions. Therefore, we conclude
that frequency seems not to be inﬂuenced by the visual targets
used in this experimental setup.
While the SOM frequency remained constant the SOM ampli-
tude showed more variability to different visual stimuli. In Exper-
iment 1, the SOM displayed larger amplitudes to a non-structured
background compared to a structured background (see Table 1).
Fig. 2. Graph displaying the mean values for the horizontal SOM (a) and the vertical SOM (b) in response to different target sizes. The SOM frequencies were constant and did
not change in response to the different target sizes. The horizontal SOM amplitude in response to the smallest target was signiﬁcantly smaller than that in response to the
larger targets. The vertical SOM amplitude enlarged with increased target size but did not reach signiﬁcant difference.
Table 2
Means and standard errors of the SOM and of BCEA for the visual stimulus angles.
Target size (deg) Frequency (Hz) Amplitude (deg) Bivariate contour ellipse area (deg2)
Hor meridian Vert meridian Hor meridian Vert meridian
0.29 0.049 ± 0.003 0.045 ± 0.003 0.030 ± 0.007 0.059 ± 0.009 0.303 ± 0.075
3.72 0.046 ± 0.004 0.046 ± 0.002 0.059 ± 0.009 0.063 ± 0.013 0.475 ± 0.108
7.44 0.046 ± 0.002 0.048 ± 0.002 0.062 ± 0.013 0.082 ± 0.023 0.508 ± 0.177
11.14 0.048 ± 0.005 0.043 ± 0.002 0.060 ± 0.008 0.095 ± 0.037 0.928 ± 0.414
Fig. 3. Bivariate area plotted for each target size from one subject’s eye recording (a) and the mean area for each target size (b). Comparing BCEA of the largest disc to the
others did not display a signiﬁcant effect (F(1,5) = 2.434, p = 0.179), although the former seemed larger than the latter.
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to a structured background while the horizontal SOM amplitude
was not found to differ. One possible reason might be that the hor-
izontal SOM are signiﬁcantly smaller than the vertical SOM in
amplitude. Any change with this small motion might become too
tiny to be discovered.
In Experiment 2, the horizontal SOM was smaller in response to
the smallest target while the larger targets were not found to differ
signiﬁcantly. However, a trend of increasing SOM amplitudes wasrevealed both for the horizontal and vertical SOM in response to
increasing diameter of the disc (Fig. 2). The visual angles for the
three larger discs were all larger than the diameter of the fovea
(0.5). The subjects were instructed to ﬁxate the centre of the disc
during the task. We thus assume the extrafoveal retina to be en-
rolled in ﬁxation control on the larger targets (2–4) and the
extrafoveal vision to control the SOM when ﬁxating a larger target.
This might explain the larger variation in SOM to the larger discs
compared to the smallest disc.
Fig. 4. Right eye recordings from one subject in darkness (top panes) and when viewing a structured image (bottom panes). The horizontal meridian are shown in pane (a and
d) while the vertical meridian are shown in pane (b and e). As can be seen the oscillations were much larger in darkness, please also note the similar frequencies in the two
test conditions. In pane (c and f), the black line represent the trace of the right pupil diameter change and the grey line represent the horizontal SOM in dark (c) and when
viewing a structured image (f).
Fig. 5. The SOMs for the right and left eyes were plotted superimposed for the horizontal meridian (a) and the vertical meridian (b). The oscillations were conjugate in the
vertical meridian while the horizontal oscillations were not. The grey traces were smoothed eye position signals from the right eye recording in the horizontal meridian (a)
and in the vertical meridian (b).
Table 3
Means and standard errors of the SOM and of BCEA under no-image and image conditions.
Frequency (Hz) Amplitude (deg) Bivariate contour ellipse area (deg2)
Hor meridian Vert meridian Hor meridian Vert meridian
In dark 0.044 ± 0.002 0.050 ± 0.005 0.833 ± 0.199 0.777 ± 0.456 36.97 ± 13.205
Image 0.044 ± 0.004 0.045 ± 0.003 0.030 ± 0.007 0.040 ± 0.019 0.46 ± 0.156
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back, the SOM displayed much larger amplitudes in both the hor-
izontal and vertical meridians (see Fig. 4). Visual feedback shouldplay a role in the control mechanism of ﬁxational eye movements
(Cornsweet, 1956). Large SOM in dark agrees with the opinion
that a decrease of visibility might trigger larger ﬁxational eye
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the visual feedback, which is of intense importance for controlling
SOM, extra ocular muscle proprioceptive information and extra
retinal signals could have a role in the SOM control when the vi-
sual information is not sufﬁcient (Donaldson, 2000; Weir, 2000).
The BCEAwas calculated for all three group experiments to eval-
uate the relation between SOM and ﬁxation stability. In Experiment
1, mean BCEA with the structured background was slightly smaller
compared to the non-structured background (see Table 1) but the
effect was not signiﬁcant. In Experiment 2, the analysis revealed a
non-signiﬁcant effect of target sizes on the BCEA. This result is in
agreement with Steinman (1965), who introduced BCEA as a mea-
sure to evaluate ﬁxation stability. He did not ﬁnd any correlation
between visual stimulus size and ﬁxation stability in terms of BCEA.
It is worth noting that the stimulus used by Steinman was smaller
than our second smallest stimulus size (diameter 870). Rattle used
the Root-Mean-Square analysis to evaluate ﬁxation stability when
ﬁxating a white disc of diameters varying from 190 to 2400. The dif-
ference between the smallest and largest discs was small, but when
the ﬁxation target was approximately equal in size to the fovea the
deviation was maximised (Rattle, 1969). The smallest and largest
discs used in this study are equal to the two smallest discs used
in the present study. In Experiment 3, the BCEA was eighty times
larger in darkness compared to the visual condition (see Fig. 4
and Table 3). It is well known that ﬁxation deteriorates in lack of
a precise ﬁxation target. This experiment shows that also the
SOM amplitude enlarged in absence of a target to ﬁxate on.
To further analyse how much the SOM contributed to the ﬁxa-
tion distribution area, the SOMwas extracted from the eye position
signal and the BCEA was calculated. In comparing the BCEA with
and without the SOM only a small change in mean ellipse area
was found for both Experiments 1 and 2. We therefore assume
the SOM to play a minor role in visual ﬁxation stability. In Exper-
iment 3, when performing the same analysis when excluding the
SOM the mean ellipse area was decreased with 10–17%. These ﬁnd-
ings indicate that SOM as well as the other components of ﬁxation-
al eye movements enlarge in amplitude and increase the ellipse
area in dark. This ﬁnding with reduced ﬁxation stability is in agree-
ment with previous studies about variability of ﬁxational eye
movements in dark. Skavenski and Steinman revealed a consider-
ably larger (6) variability of the eye about its mean position in
dark than when ﬁxating a visible target (Skavenski & Steinman,
1970) and Matin et al. also found an increased variability of the
eye position in dark (Matin, Matin, & Pearce, 1970).In conclusion, the SOM frequency was not inﬂuenced by differ-
ent visual stimuli or lack of visual stimuli while the SOM amplitude
was modiﬁed in response to the targets used in the present study.
We still do not understand the underlying purpose of the SOM, if it
is of advantage for the visual system or if it simply is an oculomo-
tor instability.References
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